Abstract-Eddy current test has been widely used in many fields because of its simplicity and robustness. In this paper, numerical simulations based on the finite-difference time-domain method were carried out to validate if the eddy current coil can effectively be used in the logging while drilling system. The simulation results showed that the impedance of the eddy current coil is a function of conductivity of the surrounding media. The formation conductivity is strongly dependent on the concentration of hydrocarbons, so different formation layers can be distinguished by measuring coil impedance. Different source frequencies were applied, and it was found that this method works well in frequency range from 100 MHz to 1 GHz. The investigation depth was studied in this paper, and a 3-layer formation model was simulated in this paper. The results showed that this novel method could be effectively used in a well logging system.
INTRODUCTION
The detection of oil and gas resources has become more and more important because of the decrease of petroleum reserves after hundred of years of drilling [1] . Many works have been done by laboratories and research institutes in recent years regarding the resistivity and permittivity of formations [2] [3] [4] . Logging while drilling (LWD) sensors are widely used in real-time borehole measurements of petrophysical parameters for hydrocarbon exploration [5] . In LWD systems, conductivity (resistivity) of formation is one of the basic indicators of the concentration of hydrocarbon saturation [6, 7] . The conductivity tools measure the conductivity of formation near the bore-hole to determine the rock porosity and water saturation, which are essential for the detection of oil distribution [8] . We know that when the drill is in the water layer or rock layer, drilling fluid salinity is relatively high, and therefore the conductivity will be relatively high. On the other hand, when the drill is in the oil or gas layer, the conductivity will be relatively low. As a result, the oil, gas and water layer distribution can be distinguished by measuring conductivity of the formation. In applications, conductivity of rock often varies from 0.1 to 5 S/m, and water varies from 1 to 15 S/m. Typical commercial electromagnetic propagation tools (EPT) usually adopt coil arrays to measure the conductivity of formation for eliminating the bore-hole effect [7, 8] . For example, one transmitting coil and two receiving coils are assembled in one system. The amplitude difference and phase shift between the two receiving coils can be measured, and hence according to Eq. (1) and Eq. (2), electromagnetic properties of the formation can be deduced [7] .
where ε is the permittivity, σ the resistivity, β the phase shift per meter, α the attenuation per meter, ω the frequency, and μ the magnetic permeability.
Meanwhile, eddy current test (ECT) has been widely used in many application fields including non-destructive testing, distance measurement, and material properties measurement. It is thought that the eddy current coil can also be used in the well-logging system [9] . The theory of ECT is that the impedance of coil is relevant to the conductivity of device under test. Some groups studied the use of eddy current coil to characterize double metal layer, and accurate estimates of the thickness and conductivity of the metal layer can be obtained from measurements of the impedance of the coil. Other researchers studied the impedance of the coil covering layered metal plates [10] [11] [12] , over an infinite metallic half space [13] , or at the opening of a borehole in a conductor [14] . Moreover, a simplified analytical impedance model for a simple single turn eddy current sensor including measurement and parasitic effect has been given recently [15] . Work of [16, 17] developed a method to use the eddy current coil to measure the electromagnetic properties and inner diameter of an oil tube. However, much less is known about the eddy-current coil's impedance when being used in oil well-logging environment.
The purpose of this research is to validate the feasibility of a method which measuring the conductivity of the formation in a simpler way -by measuring the impedance of a coil. This method can eventually increase the robustness of the conductivity measurement system working for LWD system. In general, finite difference method and finite element method are employed for three-dimensional numerical modeling of the LWD tools [8, 18] . Here, to validate this novel method, we conducted a series of finite-difference time-domain (FDTD) simulations to caculate the impedance of a coil in the down-hole environment. In this paper, we briefly described the method how impedance of the copper coil was extracted through the FDTD calculated E field and H field. Accuracy of the simulations has been verified through examples. The coil in the down-hole environment was simulated, and it was found that the eddy current coil could be used to obtain the conductivity of the formation. We also studied the investigation depth of this method at different operating frequencies, and a traditional 3-layer formation well-logging example was simulated. The results showed that the method had well applicability for LWD applications, and this work is meaningful for providing reference in well logging field.
NUMERICAL METHODS
In this paper, three-dimensional electromagnetic field distributions were calculated using the FDTD method, which is a space and time discretization of Maxwell curl equations [19] :
the above Maxwell curl equations are discretized as follow equations:
where ca, cb, cp, cq are parameters determined by:
where ε r and σ are the permittivity and conductivity respectively. ε 0 is the free space dielectric constant, μ 0 the magnetic permeability, c 0 the speed of light in vacuum, and Δt the time step of FDTD method. However, FDTD analysis only provides full-vector E and H fields. Therefore, to get the impedance of the coil, the following fundamental expressions can be used [19, 20] :
Here, Cv is the line path extending from a defined voltage reference point and Cl a contour wrap completely around the coil wire at its surface. So, voltage in FDTD can be easy to get by the line integration from one endpoint to the other endpoint of the coil:
And the current through a point in the wire in x direction can be calculated by:
So, the current through the wire can be calculated by the sum of the currents in points within the transverse profile:
After a few calculation steps, the coil impedance as a function of frequency can be obtained from:
Before calculating the impedance of the coil in the formation, we first checked the accuracy of our simulation method. As an example for simplicity, we simulated a coil in the air, and the 3D model of the coil is shown as Figure 1 . The excitation source was placed between the two ends of the coil. The material of the coil was copper. The conductivity of copper was set as 5.8e + 7 S/m and the permittivity set as 1. The coil diameter was 10 cm, and the wire diameter varied from 1 mm to 4 mm. Usually, FDTD simulation uses a sinusoidal source, and it usually needs long time to achieve convergence. To reduce the simulation time consumption, we used a ramp sinusoidal signal as the excitation. The FDTD cells of the coil were sized as Δx = Δy = Δz = 0.5 mm to ensure accuracy. Perfect matched layer (PML), which was 10 cells thick, was employed for the FDTD simulation scheme. The theoretical formula to calculate the inductor of single metal loop in the air is given by [21] :
where D is the diameter of the coil, d the diameter of the wire (both are in inches), μ the permeability of the coil, and δ the skin effect depth, which is a frequency related value and can be find in [21] . We know that the impedance of a coil can be termed as
, where R r is the radiation resistance of the coil, R L the loss resistance of the coil, and L the inductance of the coil. As a result, the inductance of the eddy current coil in the air can be obtained through the reactance part of FDTD calculated impedance:
All the FDTD calculation results and analytical calculation results using Eq. (18) are plotted in Figure 2 (a), and the deviations are shown in Table 1 . We can see that in all cases, the FDTD calculated value is within 3% of the analytic value. We also simulated another example where the coil diameter varied from 6 cm to 14 cm, and the wire diameter was constant at 1 mm. These results are shown in Figure 2 (b), and the deviations are shown in Table 2 . In all cases, the FDTD calculated value is within 2% of the analytic value.
CALCULATION AND DISCUSSION

Coil Impedance Along with the Formation Conductivity
First, we investigated the influence of the formation conductivity on the coil's impedance. A simulation of a copper coil (with 20 turns, wire diameter of 4 mm and coil diameter of 70 mm) was put in the down-hole environment. The coil was directly dipped in the drilling mud. The three-dimensional model of this simulation is shown in Figure 3 , where the steel diameter was set as 60 mm, the well bore diameter 80 mm, the horizontal depth of ground formation 200 mm, and the vertical depth of ground formation 1 m. To ensure accuracy, the FDTD cell size of the coil was set as Δx = Δy = Δz = 0.5 mm. Also, PML with 10 cells thick was applied in this simulation. In many works, these conductivities of formations are anisotropic because of geological factors such as the presence of sand and clay laminates with directional resistivities or the presence of salt water in fractured porous formations. However, for ease and simplicity, here we use homogeneous isotropy media in the simulations. And in a real well logging system, formation conductivity usually varies within 0 to 10 S/m, so in this simulation, the earth formation conductivity was set to vary from 0 to 10 S/m. As shown in Table 3 , the formation relative permittivity was set at 10. The conductivity of drilling mud was 2 S/m, and the relative permittivity was 20. Different operating frequencies from 10 MHz to 10 GHz were calculated. When using induction tools operating at low frequency or electrode tools, the mud used is often water-based, which can cause very deep invasion. However, when EPT operating at high frequency, the mud used is often oil-based, and the invasion is very shallow and can be neglected especially in a real time operating LWD system, so, the invasion and well bore effect was neglected in this simulation. Figure 4 shows the response of the tool at different frequencies as a function of different formation conductivities. We can see that when frequency is in 10 MHz, the real and imaginary parts of impedance keep nearly same as the formation conductivity increase, and the variation of the impedance is less than one Ohm. As mentioned before, the impedance of a coil can be termed as Real(Z(ω)) = (R r + R L ). We know that R L of copper coil is very small, and this means that at lower frequency, radiation resistance of the coil at down hole environment is also small. And because the imaginary part of the impedance is a frequency related value, the lower operating frequency will cause a small value. When frequency is in 100 MHz, both the real and imaginary parts of impedance decrease as the formation conductivity increases. When frequency is in 500 MHz and 1 GHz, the real part of the impedance decreases, and the imaginary part increases as the formation conductivity increases. But when the frequency is up to 5 GHz, those relationships vanish, the variation of impedance as the formation conductivity increase becomes very small again. This is caused by the shallow penetration depth of the tool when operating at high frequency. Actually, in traditional EPT logging, the operation frequencies are between 10 MHz to 2 GHz. If the frequency is higher than 2 GHz, the depth of investigation will become too small to be useful, which is in coincidence with our results.
Investigation Depth in Different Frequencies
As high frequency can cause very shallow investigation depth, it is necessary to evaluate the investigate depth of this method operating at different frequencies. In next simulation, we changed the well bore diameters from 80 mm to 100 mm (means drilling mud depth varies from 2 cm to 4 cm). The 3D model used and other FDTD settings were the same as before. The operating frequencies were chosen as 100 MHz, 500 MHz and 1 GHz. Figures 5(a) bore diameter is 100 mm, the variation of impedance becomes too small to be useful. However, when the frequency is at 100 MHz, the effect is better than 500 MHz and 1 GHz, which is coincident with aforementioned, and operating at high frequency can cause shallow penetration depth. In practice, oil-based muds invade formations to depths of several inches or less in an LWD system, so this method can only measure the invasion zone.
Application Example
As an application example, we investigated the tool response in a three-layer formation with borehole, and the 3D model is shown in Figure 6 . The coil and FDTD settings were the same as previously described. The upper and lower part were rock layer, with a conductivity of 10 S/m and a thickness of 300 mm. The center layer was the destination layer with a conductivity of 2 S/m and thickness of Table 4 . The simulation results are shown in Figure 7 . The position under 350 mm and exceeding 650 mm means that the central point of the coil is in the rock layer. Similarly, the position exceeding 350 mm and under 650 mm means that the coil is in the destination layer. We can find that the real part of impedance increased as the coil entered the center layer, and the imaginary part of impedance decreased as the coil entered the center layer, which can be predicted by the results shown in Figure 4 . So, the two kinds of formation with different conductivities can be distinguished by this method. As Eq. (20) shows, the coil impedance can be calculated from the reflection coefficient Γ(ω), and the reflection coefficient is equal to S 11 , so the coil impedance can be measured by using a vector network analyzer (VNA).
Customarily, an accurate VNA meter is expensive and cumbersome, which is suitable for laboratory but not for the down-hole drilling. However, recent advances in electronic technology allow manufacturing one kind of network analyzer working at the lower frequency (kHz to GHz) with small size, which is suitable for working in the well-logging environment [22] . This kind of network analyzer uses direct digital synthesizer circuits to generate radio frequency test signal and local oscillation signal, and the intermediate frequency signal are sampled by Analog/Digital (A/D) converters. The digital data from A/D can be sent to a microprocessor for further processing and imaging. So, this kind of network (a) (b) Figure 7 . (a) real part (b) imaginary part of the impedance of the coil when it pass through a 3-layer formation, the operation frequency is 500 MHz.
analyzer can be very small and integrated in the printed circuit board for using in a well logging system, and it will be easy to obtain the impedance of the down-hole coil.
CONCLUSION
In this paper, a new well-logging method is proposed. We use this new method to obtain the formation conductivity by measuring the impedance of a metal coil. The curves of the coil impedance along with the formation conductivity at different frequencies were calculated using the FDTD method. The results showed that this method has good feasibility to be used in the LWD devices from 100 MHz to 1 GHz.
To ensure the eddy current coil having enough penetration depth, we simulated the model with well bore diameter expanded from 80 mm to 100 mm. We also simulated a 3-layer formation well logging application and found that this method well distinguished the two kinds of formations. In summary, this work proposes a new method which is capable of measuring the formation conductivity in well-logging systems and is meaningful for providing reference in well logging field.
